The GXGD proteases are polytopic membrane proteins with catalytic activities against membrane-spanning substrates that require a pair of aspartyl residues [1] [2] [3] [4] . Representative members of the family include preflagellin peptidase, type 4 prepilin peptidase, presenilin and signal peptide peptidase. Many GXGD proteases are important in medicine. For example, type 4 prepilin peptidase may contribute to bacterial pathogenesis [5] [6] [7] , and mutations in presenilin are associated with Alzheimer's disease [8] [9] [10] . As yet, there is no atomic-resolution structure in this protease family. Here we report the crystal structure of FlaK, a preflagellin peptidase from Methanococcus maripaludis, solved at 3.6 Å resolution. The structure contains six transmembrane helices. The GXGD motif and a short transmembrane helix, helix 4, are positioned at the centre, surrounded by other transmembrane helices. The crystal structure indicates that the protease must undergo conformational changes to bring the GXGD motif and a second essential aspartyl residue from transmembrane helix 1 into close proximity for catalysis. A comparison of the crystal structure with models of presenilin derived from biochemical analysis reveals three common transmembrane segments that are similarly arranged around the active site. This observation reinforces the idea that the prokaryotic and human proteases are evolutionarily related 11, 12 .
The crystal structure presented here provides a framework for understanding the mechanism of the GXGD proteases, and may facilitate the rational design of inhibitors that target specific members of the family.
Archaeal preflagellins and bacterial type-4 prepilins, both of which are type-II (N in -C out ) membrane proteins 13, 14 , are synthesized with short, positively charged leader peptides 5, 15 . They are cleaved in the membrane, at a site a few residues upstream of the hydrophobic membrane-spanning sequence, by preflagellin peptidase (PFP) and type-4 prepilin peptidase (TFPP), respectively, before being secreted and incorporated into the mature flagellum or type-4 pilus (Supplementary Fig. 1a) . We have crystallized FlaK, a prototypic archaeal PFP from M. maripaludis 16 . The membrane protease maintained a native-like conformation throughout crystallization because both the crystallization drop and the dissolved crystals showed robust enzymatic activity ( Supplementary Fig. 1b) . The structure was determined by single-wavelength anomalous dispersion using a Se-Met-substituted crystal ( Supplementary Fig. 2 and Supplementary Table 1 ).
The crystal structure shows that FlaK contains two compactly folded domains: a mostly a-helical membrane-spanning domain and a soluble domain with four anti-parallel b-strands ( Fig. 1 ; the soluble domain is disordered in one of the two FlaK molecules in the asymmetric unit). Previous predictions correctly located all six transmembrane (TM) segments 4 , but the crystal structure is more complex ( Supplementary  Fig. 3a) . One major deviation from the prediction occurs around TM4 (yellow in Fig. 1 ). The hydrophilic loop between TM3 and TM4 does not protrude into the cytoplasm as predicted; instead, it lowers towards the centre of the bundle of TM helices, and is followed by a short TM helix, a4. The last TM helix (a6) is also short (pink in Fig. 1 ), and seems unable to cross the lipid bilayer completely. The protein segments immediately after a4 and a6 form an unusual structure that protrudes sideways from the base of the TM helices. This feature does not seem to be an artefact of crystallization. A comparison between the two copies of FlaK in the asymmetric unit shows that the unusual structure is identically positioned, despite the fact that it is involved in different crystal packing interactions ( Supplementary Fig. 3b ). The amphipathic nature of the structure is also consistent with its position next to the TM helices, and with the possibility that it may interact peripherally with the membrane. In the big loop between a4 and a5 (including a4a), and in the carboxy-terminal segment (including a6a), all the polar side chains point downwards away from the membrane, whereas most hydrophobic side chains point up or sideways to interact either with the TM helices, or with lipids that surround the helices. Furthermore, there is a conserved asparagine on a5 (Asn 120), the side chain of which points outwards to form a hydrogen bond with the carbonyl oxygen of Gly 220 from the extended segment between a6 and a6a (Fig. 1d) . If the carboxy-terminus of the protein were positioned elsewhere, Asn 120 would become unfavourably exposed to the lipid.
To accommodate the unusual peripheral structure (a4a and a6a), and the short TM helix a6, the other TM helices must be tilted in the membrane. The tilting is required to avoid positioning charged groups such as Asp 26, Asp 49 and Asp 225 in the hydrophobic region of the membrane (Fig. 2) . The tilting also makes a6 roughly perpendicular to the membrane plane, enabling it to go through the lipid bilayer with the shortest distance. A more thorough examination of the distribution of amino acids in the TM region supports the tilted model. As shown in Fig. 2c , the lower boundary of the membrane is roughly marked by a thin belt of acidic residues (red), basic residues (blue), asparagines and glutamines (green). Four tyrosine residues (Tyr 42, Tyr 50, Tyr 98 and Tyr 109) are also found within this belt. Tyrosine and tryptophan often cluster to the interface between water and lipid 17 . The upper boundary of the membrane probably corresponds to a plane that goes through Tyr 27, Trp 29 and Tyr 68. Although Glu 3, Tyr 4, Asn 120 and Tyr 213 appear between the two boundaries, a closer inspection shows that the polar groups on their side chains are not directly exposed to the lipid. According to the tilted model, the membrane has to be constricted around the protease. This feature was previously thought to be unique to the intramembrane proteases [18] [19] [20] . The two aspartyl residues that are essential for catalysis (Asp 18 and Asp 79) are located at the ends of TM helices a1 and a4, respectively.
Despite the relatively low resolution at which the crystal structure was solved, a1 and a4 are clearly defined in the electron density map, and the experimentally determined selenium sites in both helices are consistent with the register of protein sequence with the density (Fig. 3a) . The positions of a1 and a4 are almost identical in the two independently modelled FlaK molecules in the asymmetric unit of the crystal ( Supplementary Fig. 3b ). The spatial relationship between the two 
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helices is, however, surprising from a functional point of view because it creates a 12Å gap between Asp 18 and Asp 79. To investigate whether the FlaK crystal structure represents a non-active conformation of the protease, we introduced a pair of cysteines (E25C and I206C) to the two TM helices (a2 and a6) that are on the opposite side of the gap (Fig. 3b) . The double mutant (E25C/I206C) was proteolytically active, indicating that its conformation was not markedly perturbed by the mutations. As shown in Fig. 3c, d , the two cysteines can be readily crosslinked by 1,2-ethanedithiol dimethanesulphonate (M2M). Given its short length, the crosslinker has to lie inside the gap between a1 and a4 to bridge Cys 25 and Cys 206. Taken together, these results indicate that, in the absence of substrate, the membrane protease can adopt an inactive conformation in which the two catalytic aspartyl residues are structurally uncoupled. Consistent with this idea, we found that crosslinking between a2 and a6, which prevents movement of Asp 18 and Asp 79 towards each other, completely eliminated protease activity (Fig. 3e) . Breaking the crosslinking disulphide bonds with dithiothreitol (DTT) fully restored protease activity. The observation that crosslinking in the membrane fraction is less complete than in detergent solutions indicates that FlaK may assume additional conformations in the lipid bilayer (Fig. 3c) . The behaviour of FlaK is similar to that of presenilin in these regards: the human protease also switches between at least two conformations and in one conformation the two catalytic aspartates do not closely oppose each other 21, 22 . Three regions in the FlaK sequence are highly conserved ( Supplementary Fig. 4 ). The first two are centred on Asp 18 and on the GXGD motif (Asp 79). The third region, which corresponds to the sequence around the amino terminus of TM helix a6, is shown by the crystal structure to be near the active site as well. The roles of individual residues from the conserved regions in the protease mechanism were probed by mutagenesis ( Supplementary Fig. 5 ). Three main lessons can be learned from this analysis. First, Glu 23, Glu 25 and Asp 26, the only three acidic residues around the active site, do not seem to be essential for the binding of the positively charged leader peptide. Second, among the three glycine residues in the GXGD motif, Gly 76 is the most critical for function. Because Gly 76 is not closely packed against other residues, the large reduction of activity in the G76A mutant probably results from a partial loss of backbone flexibility in this important region. Third, most mutations from Pro 201 to Pro 208 produce a small effect; P208A, however, is different in that it markedly enhances enzymatic activity. Pro 208 is packed against TM helix a5, and points away from the active site. If the conformational change in the protease involves movement of TM helices a1, a4 and a6 (Fig. 3b) , then the altered packing between a6 and a5 might have facilitated such a change.
Presenilin has nine TM segments 23, 24 (Fig. 4a) . The last four segments (TM6-TM9) of presenilin share homology with signal peptide peptidase, and are thought to constitute the core of the protease 25 . Previous cysteine-scanning mutagenesis and crosslinking experiments indicated that the active site of presenilin is housed in an open hydrophilic cavity 21, 26 , surrounded by the two TM segments (TM6 and TM7) that carry the catalytic aspartates (Asp 257 and Asp 385), and by the C-terminal TM9, which bears a conserved Pro-Ala-Leu motif 22, 27 . The crystal structure of FlaK now shows that the active site of the prokaryotic protease has a similar architecture. As illustrated in Fig. 4a , the TM segments TM1, TM4 and TM6 of FlaK would be equivalent to presenilin's TM6, TM7 and TM9. In FlaK, there is a highly conserved leucine (Leu 11) seven residues upstream of the catalytic Asp 18 on TM1 ( Supplementary Fig. 4 ). Leu 11 is packed against Leu 86 from TM4 (Fig. 4b) . Leu 86, which is also conserved, is seven residues downstream of the catalytic Asp 79. The residues in presenilin corresponding to Leu 11 and Leu 86 would be Leu 250 and Leu 392, respectively (seven residues away from the catalytic Asp 257 and Asp 385). Both Leu 250 and Leu 392 are highly conserved 28 . The fact that Asp 257 and Asp 385 are close to each other indicates that Leu 250 and Leu 392, which are on the same side of the helices as the aspartates, may also interact (Fig. 4c) . In FlaK, Leu 11 makes additional contact with Tyr 213 from TM6. In presenilin, Leu 250 also seems to interact with the last TM segment because it can be readily crosslinked to many positions on TM9 27 . Besides the packing of the three key helices, presenilin and FlaK share other features. TM7 of presenilin, like its counterpart in FlaK, also seems to contain two structural elements: an exposed region bearing the GXGD motif and a short, tightly packed hydrophobic helix 26 . The last TM segments in both proteases have conserved proline residues near the N terminus, and are followed by an amphipathic helix that interacts peripherally with the membrane 27 . It is important to note that presenilin lacks the equivalent of FlaK's TM segments 2 and 3. Therefore, other TM helices may join the central three TM segments to complete the active site. The hydrophobic domain VII, which undergoes endo-proteolysis 1 , must also be bound initially at the active site 22 . The structure of FlaK's active site is fundamentally different from that of pepsin, a classic aspartyl protease 29 , in that it lacks an internal two-fold symmetry and its two catalytic aspartyl residues are not rigidly fixed. Membrane proteases have evolved unique mechanisms to conduct catalysis inside lipid bilayers. For example, rhomboid serine proteases use a surface cap to control access to a preformed and membrane-embedded Ser-His catalytic dyad 30 . The uncoupling between two catalytic aspartyl residues, indicated by the crystal structure described here and by earlier biochemical studies 21, 22 , may represent a general mechanism that is widely adopted by the GXGD proteases. Such an uncoupling mechanism could potentially have an important role in regulating catalysis. . Leu 250 from TM6 is hypothesized to mediate packing with TM7 (through Leu 392) and TM9.
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METHODS SUMMARY
MmarC6_0338 (encoding FlaK) was amplified by PCR from the genomic DNA of M. maripaludis strain C6, cloned into pET-28a and expressed in Escherichia coli Rosetta 2 (DE3) cells (Novagen). The Se-Met-substituted membrane protein was extracted in foscholine-12 (Anatrace) and purified using metal-affinity and sizeexclusion columns. The concentrated protein (,10 mg ml 21 ) was extensively dialysed against a buffer containing 20 mM HEPES (pH 7.3), 100 mM NaCl, 0.06% Cymal-6 (Anatrace) and 1 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP). Single crystals were prepared by the sitting-drop method, in which 1 ml of protein solution was mixed with 1 ml of well solution containing 30% PEG 300, 50 mM glycine (pH 9.5) and 100 mM NaCl. Many crystals were screened at the national synchrotron light source (NSLS, X25 and X29) and at the advanced photon source (APS, 24-ID-C and E) before a final data set at 3.6 Å resolution was collected from a single Se-Met-substituted crystal at the selenium peak wavelength, which was used for both phase determination and refinement. The details of protein purification, crystal structure determination, protease activity assay and crosslinking experiments are described in the Methods.
